Specific heat C(T ) measurements were made on single crystals of the superconducting filled skutterudite series Pr(Os 1−x Ru x ) 4 Sb 12 down to 0.6 K. Crystalline electric field fits in the normal state produced parameters which were in agreement with previous measurements. Bulk superconductivity was observed for all values of the Ru concentration x with transition temperatures consistent with previous experiments, confirming a minimum in T c at x = 0.6. The C(T ) data below T c appear to be more consistent with power law behavior for x = 0 (PrOs 4 Sb 12 ), and with exponential behavior for 0.05 ≤ x ≤ 0.2. An enhanced electronic specific heat coefficient γ was observed for x ≤ 0.4, further supporting x ≃ 0.6 as a critical concentration where the physical properties abruptly change. Significant enhancement of ∆C/T c above the weak coupling value was only observed for x = 0 and x = 0.05.
I. INTRODUCTION
The filled skutterudite compound PrOs 4 Sb 12 has proven to be an intriguing and unusual material since its discovery as the first Pr-based heavy fermion superconductor a few years ago.
1,2 Both the heavy fermion (m * ∼ 50 m e ) and the superconducting (T c = 1.85 K) states display very unusual properties. The ground state of the Pr 3+ ion in PrOs 4 Sb 12 that arises from the splitting of the Pr 3+ J = 4 multiplet in a crystalline electric field (CEF) is nonmagnetic, and is either a Γ 1 singlet or a Γ 3 doublet. The Γ 5 triplet first excited state is ∼ 10 K above the ground state, with the other excited states following at ∼ 100 K (Γ 4 triplet) and ∼ 300 K (Γ 3 or Γ 1 , respectively). In the superconducting state, PrOs 4 Sb 12 exhibits multiple transitions in specific heat 2,3 and magnetic penetration depth, 4 and may also contain multiple superconducting phases. 5 The nature of the superconducting energy gap is also not clear: muon spin rotation 6 (µSR) and Sb-nuclear quadrupole resonance 7 (Sb-NQR) measurements indicate isotropic and strong-coupling superconductivity, tunneling spectroscopy measurements support a nearly fully gapped but unconventional superconducting order parameter, 8 and data from thermal conductivity in a magnetic field 5 and magnetic penetration depth 9 are consistent with point nodes in the energy gap. Additional µSR measurements reveal possible time-reversal symmetry breaking in the superconducting state, further suggesting that the superconducting state does not have s-wave symmetry.
10
PrRu 4 Sb 12 is a much simpler compound than PrOs 4 Sb 12 . It is also superconducting (T c = 1.1 K), but displays more conventional properties. 11 From Sb-NQR measurements, the superconductivity appears to be weak-coupling with an isotropic energy gap. 12 Magnetic penetration depth measurements yield moderate coupling and a fully gapped order parameter. 13 In addition, PrRu 4 Sb 12 is not a heavy fermion compound; it has an electronic specific heat coefficient γ ∼ 10 times smaller than that of PrOs 4 Sb 12 . Features in the physical properties of PrRu 4 Sb 12 could be described by a CEF model with a Γ 1 ground state and a Γ 4 first excited state separated by ∼ 70 K.
11,14
The Pr(Os 1−x Ru x ) 4 Sb 12 series of compounds was previously studied through measurements of magnetic susceptibility χ(T ) and electrical resistivity ρ(T ). Based on theoretical models, it has recently been suggested that there may be a mixed-parity superconducting state near this minimum in T c . 16 CEF effects were also observed for all values of x in the normal state of χ(T ) and ρ(T ), with the splitting between the ground state and the first excited state increasing monotonically with x between x = 0 and x = 1. For χ(T ), fits with a Γ 3 ground state were consistent with the data for all values of x, while fits with a Γ 1 ground state were only satisfactory near the extremal values of the Pr(Os 1−x Ru x ) 4 Sb 12 series. The ρ(T ) data were also fit with CEF equations, and although the fits were insensitive to the degeneracy of the ground state, they were still able to provide level splittings consistent with those derived from the χ(T ) data. In the present study, the specific heat C(T ) of Pr(Os 1−x Ru x ) 4 Sb 12 was measured down to ∼ 0.6 K, to further investigate the normal and superconducting state properties of this extraordinary system.
II. EXPERIMENTAL DETAILS
The single crystal specimens of Pr(Os 1−x Ru x ) 4 Sb 12 investigated in this work were identical to those previously studied. 15 Specific heat C was measured as a function of temperature between 0.6 and 50 K in a 3 He semiadiabatic calorimeter by using a standard heat pulse technique. The samples were attached to a sapphire platform with Apiezon N grease. The data presented in this work were taken from experiments on collections of single crystals with total masses between 11 and 114 mg. X-ray measurements show no signs of multiple phases in the doped materials; however, there was some sample dependence of the superconducting transition in electrical resistivity, especially on the doped materials. 15 Thus, the C(T ) data, especially at the superconducting transitions, are expected to be slightly broadened by the sample dependence of the crystals.
III. RESULTS AND DISCUSSION
Displayed in Fig. 1 
Here γ is the electronic specific heat coefficient,
D is the lattice specific heat coefficient (where Θ D is the Debye temperature), and C Sch (T ) is the Schottky specific heat anomaly for a two level system arising from the energy difference between the CEF ground state and the first excited state, scaled by a factor r. The results of these fits are listed in Table I 
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The Schottky specific heat anomaly C Sch (T ) for a two-level system is given by
where δ is the energy difference in units of K between the two levels, and g 0 and g 1 are the degeneracies of the ground state and excited state, respectively. 18 In zero magnetic field, this equation is independent of whether or not the local symmmetry of the Pr 3+ ions is cubic or tetrahedral. It was found during the fitting procedure that in order for the fits to be accurate, one or more of the terms in Eq. 1 had to be scaled. Fits were done both with r modifying the Schottky term, and with r multiplying the entire equation. The former case would be interpreted as some internal broadening of the energy levels or as an overall transfer of entropy to the itinerant electrons due to hybridization, while the latter case would imply impurity phases (most likely free Sb) causing an overall overestimate of the sample mass. While both possibilities produced good qualitative fits, the values for γ resulting from assuming an overall scaling were extremely large and not physically reasonable. Therefore, all the fits presented here were exactly as shown in Eq. 1, with r only modifying the Schottky anomaly term.
The normal state fits were only performed up to 10 K so that the C lattice ≈ βT 3 approximation would more likely be accurate; however, the lattice terms are clearly the smallest in this temperature range compared to the other terms, and are thus difficult to accurately
fit. This appears to especially be true for based on χ(T ) and ρ(T ) measurements. 15 However, for x ≤ 0.4, the scaling factor r is much closer to 1 for a Γ 3 ground state compared to Γ 1 . In fact, the best Γ 3 ground state fit for and r Γ 1 ∼ 0.5.
17 As x increases, the scaling factor decreases, indicating a suppression of the Schottky anomaly. At face value, the fact that r Γ 3 is always closer to 1 than r Γ 1 for (Fig. 2(b) ).
In order to get a more accurate determination of T c and the specific heat jump at T c , ∆C/T c , the CEF and lattice fit results were subtracted from the data at low temperatures, leaving only the electronic specific heat. The subtractions were carried out using both the The data below T c , after the lattice and CEF terms were subtracted, were fit to both power-law and exponential functions, for energy gaps with and without nodes, respectively.
These functions are typically considered to be valid only at very low temperatures. However, there are several examples of heavy fermion superconductors which appear to display powerlaw behavior up to near T c (e.g., 25, 26 ). The current experiment had a low-temperature limit of 0.6 K, which is effectively a base temperature due to the large nuclear Schottky contribution at lower temperatures. 17, 23 The high temperature limit of the fit was chosen to be 2 3 T c in light of the above referenced examples, and also to avoid possible spurious effects due to the width of the superconducting transitions. Because of these constraints, only the samples with 0 ≤ x ≤ 0.2 could be fitted below T c , as there were not enough data points at the other concentrations to give a reliable fit. The power-law fit was of the form
suggested for energy gaps containing nodes, 27 and the exponential fit was of the BCS form
where γ s represents an electronic specific heat coefficient in the superconducting state, A and B are fitting constants, and ∆ e is proportional to the energy gap in the BCS theory of superconductivity. The results of the application of these fits to the x = 0 and x = 0.05 data, , n, and ∆ e , and the errors associated with them, are much larger for the Γ 3 x = 0 fits than for the other Γ 3 fits, falling well outside the spread of the other three data points. If the fits are indeed accurate, then the value of n for the Γ 1 x = 0 data is comparable with the n = 2 expected in C/T for a heavy fermion compound with point nodes in the energy gap.
27
The values of ∆ e for the Γ 1 data of ∆ e /T c ≈ 2.2 − 2.6 are moderately enhanced compared to the weak-coupling value of ∆ e /T c = 1.76 (for ∆ e in units of K). The parameter γ s can be interpreted as a portion of the sample that is normal or gapless; however, the values of γ s could also simply be artifacts of the fit, especially in the case of the power law fit for x = 0.1.
The large discrepancy between the fits below T c for PrOs 4 However, it is expected that there will be some proportional relation between ∆C/T c and γ (e.g., ∆C/T c ∝ γ), and so it can still be instructive to view this graphically. It can be seen in Table II and Fig. 5 that γ(x) derived from the normal state fits exhibits a peak at x = 0.05, decreases with x to a minimum at x = 0.6, and then slowly rises with x to x = 1. In contrast, ∆C/T c starts out extremely large for x = 0 and decreases very quickly, again to a minimum value at x = 0.6. The "hump" in the data at x = 0.4 is due to the extremely broad superconducting transition at this concentration.
The discrepancy between the values of γ determined from the normal state data and calculated from the superconducting transition is an interesting one. The minimum in γ at x = 0.6 for the measured γ, along with the minimum in T c , strongly suggests that something unusual is happening with the physical properties at this concentration. In contrast, the enhanced ∆C/T c for x = 0 and x = 0.05 imply that strong-coupling superconductivity is only present for these two concentrations. Taken at face value, this could mean that for 0.1 ≤ x ≤ 0.4, the heavy electrons are not participating in the superconductivity, which would imply that the superconductivity is nearly conventional for x ≥ 0. 
